Population studies suggest putative links between vitamin D (VD)-deficiency and risk of cancer and diabetes. The insulin/ IGF-I receptor represents a signaling target of the carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) that is implicated in both diabetes and cancer, therefore we hypothesized that VD actions may be mediated through this adhesion molecule. In this study, we show that 1,25 vitamin D3 and its analogues EB1089 and KH1060 potently inhibit CEACAM1 expression in cancer cells. This effect was associated with significant reductions in mRNA and protein levels, resulting from transcriptional and posttranslational actions respectively. Insulin/IGF-I-mediated IRS-1 and Akt activation were enhanced by VD treatment. Similarly, CEACAM1 downregulation significantly upregulated the insulin and IGF-I receptors and mimicked the effect of VD-mediated enhanced insulin/IGF-I receptor signaling. Despite improved insulin/ IGF-I signaling, the anti-proliferative actions of VD were preserved in the absence or presence of forced CEACAM1 expression. Forced CEACAM1, however, abrogated the anti-invasive actions of VD. Our findings highlight CEACAM1 as a target of VD action. The resulting inhibition of CEACAM1 has potentially beneficial effects on metabolic disorders without necessarily compromising the anticancer properties of this vitamin.
In addition to regulation of calcium homeostasis, 1,25 dihydroxyvitamin D3 (VD) and its low calciomimetic analogues have important roles in the regulation of cell proliferation, differentiation and apoptosis. These include inhibition of growth of breast, prostate, colon, thyroid and pituitary neoplastic cells. [1] [2] [3] [4] VD exerts its functions by binding to the VD receptor (VDR), which forms heterodimers with retinoid X receptors (RXRs) in the presence of ligand. VDR/RXR heterodimers bind VD response elements (VDREs) in the promoters of target genes. We have previously reported that VD compounds promote accumulation of the cyclin-dependent kinase inhibitor p27 through PTEN-dependent and -independent pathways, 3 resulting in diminished neoplastic growth and reduced metastatic spread in an orthotopic mouse model of thyroid cancer. 5 Furthermore, VD enhances cell adhesion through the extracellular matrix protein fibronectin, further limiting cell proliferation and metastasis. 6 VD compounds have also been recognized for their favorable therapeutic effects in the treatment of diabetes. [7] [8] [9] The mechanisms underlying these actions, however, remain poorly understood. In this report, we examine the effects of VD on the carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) that we propose may be a mediator of both insulin action and tumorigenesis.
CEACAM1 is a transmembrane protein member of the CEA superfamily 10 that is widely expressed in hematopoietic, epithelial and endothelial cells in which it has a key role in the control of immunity, 11 cell adhesion 10 and angiogenesis.
12 CEACAM1 shows homophilic adhesion as well as heterophilic binding to other CEA family members in vitro 13 and is believed to be important in the maintenance of normal tissue architecture. Importantly, CEACAM1 is also a substrate of the insulin receptor (IR). IR-mediated phosphorylation of CEACAM1 14 results in binding and sequestration of the Shc adaptor protein, 15, 16 thus potentially limiting insulin signaling. Additionally, CEACAM1 modulates hepatic insulin clearance. 16, 17 The role of this adhesive factor in cancer remains controversial. Some studies described it to be downregulated in breast, 18, 19 colorectal, 20, 21 prostate, 22, 23 bladder, 24 endometrial 25 and hepatocellular carcinomas. 26 Forced transfection of human prostate cancer cells with CEACAM1 results in significantly lower growth rates and reduced tumorigenesis. 27 Further, introduction of CEACAM1 into human prostate cancer cells significantly suppresses tumor growth in mouse xenografts. 23 These observations suggest that CEACAM1 acts as a tumor suppressor. In contrast, however, CEACAM1 is overexpressed in primary lung cancer, 28, 29 gastric adenocarcinoma 30 and malignant melanoma. 31 This upregulation is associated with malignant progression and metastasis, suggesting that CEACAM1 can also act as an oncogenic signal. In a previous study, we attempted to reconcile these seemingly contradictory data by dissecting the proliferative effects from metastatic functions of this adhesion molecule. We showed that forced expression of CEACAM1-inhibited cell proliferation and tumor growth whereas CEACAM1 silencing accelerated cell cycle progression and promoted tumor growth in mouse xenografts, 32 consistent with the tumor-suppressive actions previously reported; in contrast, forced expression of CEACAM1 increased cell migration and invasion, providing an explanation for upregulation of CEACAM1 associated with metastatic spread. Consistent with these results, we identified upregulation of CEACAM1 predominantly in small thyroid carcinomas with lymph node metastasis. 32 The effect of VD on CEACAM1 has not been previously reported. In this study, we used CEACAM1-expressing and -deficient cells as a model to investigate the effects of VD compounds on the regulation of this adhesion molecule and its putative actions on the insulin/IGF-I receptors and their associated functions.
MATERIALS AND METHODS Cell Lines and Cell Culture
Human WRO and MRO thyroid cancer cells and ARO colon cancer cell lines were obtained from Dr J Fagin (Memorial Sloan-Kettering Cancer Center, New York, NY, USA) 33 and maintained in RPMI 1640 supplemented with 10% FBS, 2 mmol/l L-glutamine, 1 mmol/l sodium pyruvate and 1 Â non-essential amino acid (Sigma-Aldrich, Irvine, UK). The cells were cultured in a standard humidified incubator at 37 1C in a 5% CO 2 atmosphere. Cell viability was assessed using Trypan blue exclusion before all experiments. Insulin (300 nM) and IGF-I (13 nM) treatments were performed for 10 min in serum-free conditions. Dose and treatment durations were based on earlier time and dose-response studies.
Downregulation and Forced Expression of CEACAM1
MRO cells express endogenous CEACAM1, therefore clones with knockdown of CEACAM1 (pSilencing-CEACAM1 siRNA) or its scrambled vector as a negative control were selected with G418 (1 mg/ml) as described previously. 32 WRO cells do not express detectable endogenous CEACAM1, therefore clones were stably transfected to express CEACAM1 using the pcDNA 3.1/Zeo-L-CEACAM1 expression vector or the empty vector as a control, followed by ZEOCIN (0.125 mg/ml, Invitrogen, Carlsbad, CA, USA) selection.
VD and Compounds 1a, 25-Dihydroxyvitamin D 3 (herein referred to as 1,25 VD) and its analogues EB1089 and KH1060 (22, 24-diene-24a, 26a, 27a-trihomo-1a, 25-dihydroxyvitamin D 3 ) were provided by Dr L Binderup of LEO Pharmaceuticals (Ballerup, Denmark). To determine VD effects on CEACAM1 expression, cells were synchronized in serum-free medium for 24 h followed by VD, EB1089 or KH1060 treatment (10 À7 M) for another 72 h in 10% charcoal-treated serum growth medium. These conditions were based on earlier time-course and dose-response experiments demonstrating the efficacy of VD compounds. 3, 6 To interrupt protein synthesis, cells were pretreated with cycloheximide (CHX) (50 mg/ml) for 48 and 72 h.
Protein Isolation and Western Blotting
Cells were lysed in a lysis buffer (0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40 and 1 Â PBS) containing proteinase inhibitors (100 mg/ml phenylmethylsulfonyl fluoride, 13.8 mg/ml aprotinin (Sigma, St Louis, MO, USA) and 1 mM sodium orthovanadate. Total cell lysates were incubated on ice for 30 min, followed by microcentrifugation at 10 000 g for 10 min at 4 1C. Protein concentrations of the supernatants were determined by the Bio-Rad protein assay.
Equal amounts of protein (50 mg) were mixed with 2 Â sodium dodecyl sulfate (SDS) sample buffer, boiled for 4 min and separated by 10 or 12% SDS-polyacrylamide gel electrophoresis, and transferred onto nitrocellulose membranes (Bio-Rad Laboratories). Nonspecific binding was blocked with 5% non-fat milk in 1 Â TBST (Tris-buffered saline with 0.1% Tween-20). Primary antibodies were directed against CEACAM1 (4D1/C2, kindly provided by C Wagener, Hamburg), 32 phospho-IR pY1158/1162/1163 in the kinase activation loop and phospho-IR pY972, which is the juxtamembrane site for IRS1 adaptor recruitment (both 1:1000, Biosource, Camarillo, CA, USA), IR-b (1:1000, Upstate, Lake Placid, NY, USA), phospho-IRS1 pY612, which is a key site of IRS1 activation (1:1000, Invitrogen, Camarillo, CA, USA), IRS1 (0.5 mg/ml, Upstate), phospho-Shc that represents the main site of Grb recruitment (1:1000, Cell Signaling Technology, Beverely, MA, USA), phospho-Akt pS473 (1:1000, Cell Signaling, Akt (1:1000, Cell Signaling Technology) or actin (1:1000, Sigma, Oakville, Ontario, Canada). After washing three times, each for 10 min in 1 Â TBST, blots were exposed to the secondary antibody (antimouse or anti-rabbit IgG-HRP, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1:2000 and visualized using ECL chemiluminescence detection system (Amersham, Buckinghamshire, UK). Band intensities were quantified by scanning densitometry. All studies were performed in triplicate experiments.
Preparation of Cell Pellets for Immunohistochemistry
Cells were washed three times in cold Ca 2 þ -Mg 2 þ -free D-PBS, gently scraped and centrifuged into pellets. The pellets were fixed in 10% formalin for 1-3 h and coated in 2% bactoagar until solidified, then fixed in 10% formalin and embedded in paraffin. Sections of 4 mm thickness were de-waxed in five changes of xylene and rehydrated through graded alcohols into water. Sections were microwave heated in 10 mM citrate buffer at pH 6.0 inside a pressure cooker. Endogenous peroxidase and biotin activities were blocked respectively using 3% hydrogen peroxide and Vector's avidin/ biotin blocking kit (Vector Laboratories, Burlingame, CA, USA). Sections were treated for 10 min with protein blocker (ID Labs London, Ontario, Canada), then incubated overnight with anti-CEACAM1 mouse monoclonal antibody (4D1/C2) at 1:200 32 followed by 30 min each with biotinylated linking reagent (ID Labs) and HRP-conjugated Ultra Streptavidin Labeling Reagent (ID Labs). Color development was performed using freshly prepared NovaRed solution (Vector Labs) and counterstained with Mayer's hematoxylin. Stained sections were dehydrated through graded alcohols, cleared in xylene and mounted in Permount (Fisher, Ontario, Canada).
RNA Extraction, RT-PCR and Real-Time PCR Total RNA was isolated using RNeasy kit (QIAGEN, Mississauga, Ontario, Canada), followed by DNAse I treatment. Six hundred nanograms of total RNA were reverse transcribed in 30 ml reaction mixture containing 500 mM each of deoxynucleotide triphosphate, 12U ribonuclease inhibitor and MultiScribe reverse transcriptase using TaqMan reverse transcription reagents (Applied Biosystems, Branchburg, NJ, USA). The reaction mixture was incubated at 25 1C for 10 min, 48 1C for 30 min and 95 1C for 5 min. The PCR primers for CEACAM1 or the house-keeping gene PGK-1 and the PCR conditions were previously described. 32 Realtime PCR was performed on cDNA samples in triplicate using an ABI PRISM 7900HT sequence detection system (Applied Biosystems). SYBR Green PCR Master Mix (AB Applied Biosystems) was used according to the manufacturer's protocol. The primers for amplification of human CEACAM1-L were used as described. 34 As an endogenous control, the primers for human 18S ribosomal RNA were used to normalize for variations in RNA. After optimization, PCR reactions were performed in a 20 ml volume containing 0.5 mM primers and 1 ml cDNA under the following conditions: 50 1C for 2 min, 95 1C for 10 min, 40 cycles of 95 1C for 15 s and 60 1C for 1 min. The results were analyzed using a comparative method. The amount of target, normalized to the endogenous reference, is given by the formula 2 ÀDDCt where Ct represents the threshold cycle, indicating the fractional cycle number at which the amount of amplified target reaches a fixed threshold. All experiments were performed in triplicate.
Transfection and Luciferase Assays
Human CEACAM1 promoter-pGL3 constructs and empty vector were used as described previously. 35 Cells were plated into six-well plates (0.15 Â 10 6 cells per well) and transfected on the following day with 5 ml per well LipofectAMINE and 2 mg of DNA per well. Transfection efficiency was monitored by simultaneous co-transfection with a b-galactosidase reporter construct (0.2 mg per well). After 24 h, the cells were treated with vehicle and 1,25 VD (10 À7 M) for another 24 h before the cells were lysed in buffer (Promega, Madison, WI, USA). Luciferase activity was measured in a luminometer. b-Galactosidase activity was measured to normalize for variations in transfection efficiency. Promoter activity of each construct was expressed as firefly luciferase/b-galactosidase activity. Each experiment was performed in triplicate and repeated on three occasions.
Cell Proliferation and Invasion
Cell cycle analysis was used to determine cell proliferation. Cells were synchronized in serum-free medium for 24 h, then after 72 h of 1,25 VD treatment, the cells were trypsinized, washed with D-PBS (Ca 2 þ -Mg 2 þ -free) and fixed with cold 80% ethanol for 1 h on ice. The fixed cells were washed with staining buffer (0.2% Triton X-100 and 1 mM/l EDTA, pH 8.0, in PBS) and re-suspended in the staining buffer containing 50 mg/ml DNase-free RNase A (Sigma) and 50 mg/ml propidium iodide for 1 h. Cell cycle analysis was done by flow cytometry (Becton Dickinson, San Jose, CA, USA) using Cellquest analysis. The result was analyzed using the Modfit DNA Analysis program (Verity Software House, Topsham, ME, USA). Direct cell counts were also performed using a Beckman Coulter counter (Fullerton, CA, USA). Cell invasion was performed using a Matrigel system as previously described. 32 Statistical Analysis Data are presented as mean±s.e. Differences were assessed by Student's paired t-test. Significance level was assigned at Po0.05.
RESULTS

1,25 Vitamin D3 Inhibits CEACAM1 Expression in Human Carcinoma Cells
We have previously shown abundant endogenous expression of CEACAM1 in MRO and ARO but not in WRO cells. 32 To investigate the effects of VD compounds on CEACAM1 expression, ARO and MRO cells were treated with 1,25 VD and its non-hypercalcemic compounds EB1089 and KH1060. The dose of 10 À7 M and duration of 72-h treatment were based on earlier dose-and time-course studies demonstrating the functional activity of these compounds in these cells. 3 Here we show that VD compounds dramatically inhibit CEACAM1 expression. This was shown in MRO and ARO cells as determined by western blotting (Figure 1a ) and also by immunohistochemistry of cell pellets (Figure 1b) . WRO cells do not endogenously express detectable CEACAM1 and there was no change after exposure to VD compounds (data not shown).
1,25 Vitamin D3 Inhibits CEACAM1 through Multiple Mechanisms
To investigate the mechanism(s) of VD compound inhibition of CEACAM1 expression, MRO cells were treated with 1,25 VD for 72 h and subjected to RT-PCR for CEACAM1 mRNA (Figure 2a ). This demonstrated a marked reduction of mRNA levels, which was confirmed by quantitative real-time PCR (Figure 2b ). To examine whether 1,25 VD has inhibitory effects on CEACAM1 gene transcription, we performed luciferase reporter assays using deletional fragments of the human CEACAM1 promoter (Figure 2c ). Inhibition was noted with the proximal À369-bp promoter fragment and the 2.6-kb fragment, consistent with one VDRE in the À369-bp fragment (À238 to À258) and six VDRE sites in the larger fragment (À238/À258, À534/À548, À1342/À1356, À1440/ À1454, À2282/À2296 and À2565/À2578). However, the degree of promoter attenuation was not sufficiently impressive to explain the marked effect on protein expression.
Thus, we examined the effect of the protein synthesis inhibitor CHX on 1,25 VD action at 48 and 72 h. The effect of CHX mimicked VD compound action, and the combination of VD and CHX displayed no additive effects (Figure 2d ), consistent with impact of both compounds on the posttranscriptional inhibition of CEACAM1.
VD-Mediated CEACAM1 Inhibition Modifies Insulin/IGF-1 Receptor Signaling
To investigate the signaling consequences of VD-mediated CEACAM1 inhibition, insulin/IGF-I receptor activation was examined in cells with or without stable CEACAM1 downregulation ( Figure 3a) . All VD treatments involved 72 h of exposure to the vitamin under steroid-depleted conditions. First, we noted that stable knockdown of CEACAM1 resulted in a nearly twofold increase in IR levels (Figure 3b ; left panels). Similarly, IGF-I receptor levels were induced with the forced reduction of CEACAM1 (Figure 3b ; right panels).
To study the impact of the increases in insulin and IGF-I receptor levels in the face of CEACAM1 knockdown, we compared the signaling ability of these ligands in the presence or absence of VD. In control cells, insulin-induced activation of its immediate substrate IRS-1 (Figure 3c ; left panel) and consequently promoted Akt phosphorylation (Figure 3d ; left panel). This effect was preserved in the absence or presence of VD (Figure 3c ; left panels). The presence of VD, however, augmented the effects of IGF-I on IRS1 phosphorylation (Figure 3c ; right panels). Consistent with this observation, 
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Akt activation in response to IGF-I was also more pronounced in the presence of VD (Figure 3d ; right panels). Similarly, forced silencing of CEACAM1 resulted in recapitulation of the effects of VD with enhanced IRS1 tyrosyl and Akt serine phosphorylation (Figures 3c and d) . It is noteworthy that these insulin and IGF-I responses in WRO cells that are endogenously devoid of CEACAM1 were not influenced by the presence or absence of 1,25 VD (data not shown). Taken together, these findings indicate that CEA-CAM1 inhibition by VD promotes insulin/IGF-I signaling in a manner qualitatively analogous to the impact of forced CEACAM1 downregulation.
Anti-Proliferative Actions of VD are Sustained Despite Enhanced Insulin/IGF-1 Receptor Signaling
Given the ability of CEACAM1 to inhibit cell growth, 32 the suppressive effect of VD compounds on CEACAM1 with resulting enhancement of insulin/IGF-I signaling could potentially attenuate VD anti-neoplastic actions. To specifically address this possibility, we examined the anti-proliferative actions of VD in the presence or absence of forced CEA-CAM1 expression. Cell cycle progression was monitored by flow cytometry in WRO cells forced to express CEACAM1. These studies revealed that 1,25 VD and its two analogues, EB1089 and KH 1060 significantly induce G0/G1 arrest ( Figure 4a ) and decrease S-phase entry (Figure 4b ) and G2 residence (Figure 4c) . Furthermore, direct cell counting confirmed the preserved ability of VD compounds to reduce cell proliferation in the absence or presence of forced CEA-CAM1 expression (Figure 4d ). These findings indicate that the anti-proliferative actions of 1,25 VD compounds are not impaired in the presence of forced CEACAM1 expression.
To investigate the influence of CEACAM1 on the known VD-induced inhibitory effects on cell invasion, cells with forced CEACAM1 expression and control WRO cells were treated with vehicle or VD in a Matrigel assay. This approach identified a statistically significant impact of CEACAM1 in abrogating the inhibitory effect of VD on cell invasion (Figure 4e ). Vitamin D inhibition of CEACAM1 W Liu et al DISCUSSION VD deficiency has been shown to predispose individuals to diabetes. Administration of VD or its analogues protects against the development of type 1 diabetes in non-obese diabetes-prone mice, principally by modulating the immune response. 7, 36, 37 In humans, increased VD intake early in life may reduce the risk of type 1 diabetes. 38 Conversely, reduced VD intake and circulating concentrations are associated with reduced insulin sensitivity and an increased risk of type 2 diabetes and the metabolic syndrome. 39, 40 VDR polymorphisms have also been associated with type 2 diabetes. 41 Although the exact mechanisms of VD action in type 2 diabetes are unclear, To explore alternate mechanisms for VD in the regulation of insulin/IGF-I action, we examined the effects of this vitamin on CEACAM1, a putative target of the IR. CEA-CAM1 is generally regarded as a negative regulator of insulin action. Several mechanisms have been suggested, including sequestration of the Shc adaptor protein. 15 Binding to Shc, CEACAM1 competes with the insulin and its related IGF-I receptor for IRS-1 recruitment. Thus, the presence of CEA-CAM1 would be expected to impair Akt activation a point of common downstream signaling for the insulin and IGF-I receptors. Thus, to investigate the putative role of CEACAM1 in VD regulation of insulin/IGF-I-mediated actions, we examined signaling of these growth factors in the absence or presence of CEACAM1 silencing. Here we provide an additional mechanism for the negative impact of CEACAM1 insulin/IGF-I signaling. Specifically, we show that forced CEACAM1 silencing significantly increases insulin and IGF-I receptor levels. Consistent with this observation, CEACAM1 downregulation markedly enhances IRS1 phosphorylation to promote Akt activation in response to insulin/IGF-I. Similarly, VD-mediated CEACAM1 inhibition resulted in augmented IRS-1 phosphorylation, particularly in response to IGF-I. Consistent with the integrative effect of signaling through the insulin and IGF-I receptors, Akt activation was augmented in response to both ligands in the presence of VD. These findings provide further functional evidence for the impact of VD-mediated inhibition of CEACAM1 in modulating insulin/IGF-I action.
In a previous study, we showed that forced expression of CEACAM1-inhibited cell proliferation and tumor growth. 32 Conversely, we have shown that CEACAM1 silencing in MRO cells accelerates cell cycle progression and promotes tumor growth in mouse xenografts. 32 As such, CEACAM1 inhibition by VD might have been expected to interfere with the anti-proliferative actions of the vitamin. Indeed, along with others, we 3, 42 have previously demonstrated the ability of VD and its non-hypercalcemic analogue EB1089 or 22-oxacalciltriol to inhibit human carcinoma cell proliferation through multiple mechanisms. These include cell cycle arrest associated with upregulation of p27 and downregulation of Skp2. 4 In an orthotopic mouse xenograft model, we showed that systemic administration of VD significantly inhibited WRO tumor growth and metastasis. 5 In this study, we found that VD and its analogues EB1089 and KH1060 significantly reduce CEACAM1 expression, which prompted us to explore the role of CEACAM1 in mediating VD effects on insulin and IGF-I action.
The mechanisms and mediators involved in the regulation of CEACAM1 have not been well defined. TPA and the calcium ionophore A23187 increase CEACAM1 expression in human endometrial carcinoma cells. 35 IFN-g induces CEACAM1 mRNA and protein levels in human colon carcinoma cells 34 while androgens enhance CEACAM1 promoter activity, 43 and all-trans-RA and 9-cis-RA induce CEACAM1 expression in human monoblast U937 cells. 44 Other than an inhibitory effect by the Sp2 transcription factor, 45 little is known about signals that diminish CEA-CAM1 expression.
To investigate the mechanisms of VD inhibition of CEACAM1 in cancer cells, we examined the effects of VD on CEACAM1 transcription. 1,25 VD significantly reduced CEACAM1 mRNA expression as shown by RT-PCR, quantitative real-time PCR and promoter reporter assays. These findings are consistent with the results of in silico screening that identified five putative VDREs in the CEA-CAM1 promoter. 46 However, the effects on transcription noted in this study were not sufficient in magnitude to explain the dramatic reduction in CEACAM1 protein levels. Indeed, the effect of CHX was similar to VD compounds, and the combination of both did not show additive effects at multiple time points compared with either alone. Furthermore, given the relatively long protein half-life of CEACAM1 of 26 h, 47 our findings based on 48-and 72-h incubations are consistent with VD inhibition of CEACAM1 at both the transcriptional and post-transcriptional levels.
On the basis of our previous observation that CEACAM1 inhibits cell proliferation and tumor growth, 32 and our present finding that VD reduces CEACAM1 expression, we asked whether VD growth inhibitory actions are altered by CEA-CAM1. We chose MRO and WRO cells because of their distinct patterns of CEACAM1 expression. We found that VD compounds inhibit MRO cell proliferation by inducing G0/1 cell cycle arrest, which was associated with upregulation of p27 and inhibition of Rb phosphorylation. To investigate the role of CEACAM1 in VD-induced action in the regulation of cell proliferation, WRO cells with forced CEACAM1 expression were selected. Significantly, 1,25 VD-inhibited cell proliferation in both cell lines as determined by cell cycle analysis and cell counts. These growth inhibitory effects did not show measurable difference despite differing CEACAM1 levels. These findings suggest that CEACAM1 does not interfere with VD anti-proliferative actions. Given the ability of CEACAM1 to promote metastatic spread, 32 inhibition of this adhesive factor by 1,25 VD shown here likely represents a more relevant mechanism for this hormone's metabolic actions. These findings are consistent with our earlier observations that VD is effective in limiting WRO thyroid cancer metastasis formation using an orthotopic mouse model. 6 In summary, this study demonstrates the ability of VD to potently inhibit CEACAM1, resulting in enhanced insulin/ IGF-I-mediated action. Through gain-and loss-of-function approaches, we demonstrate that such potentially favorable metabolic signals can be mediated through CEACAM1 inhibition. However, downregulation of CEACAM1 with enhancement of insulin/IGF-I receptor signaling did not adversely interfere with the ability of VD compounds to inhibit neoplastic cell growth. This latter effect is consistent with VD's pleiotropic properties. How VD targeting of
